Cell-cell fusion in fungi is required for colony formation, nutrient transfer and signal transduction. Disruption of genes required for hyphal fusion in Epichlo€ e festucae, a mutualistic symbiont of Lolium grasses, severely disrupts the host interaction phenotype. They examined whether symB and symC, the E. festucae homologs of Podospora anserina selfsignaling genes IDC2 and IDC3, are required for E. festucae hyphal fusion and host symbiosis. Deletion mutants of these genes were defective in hyphal cell fusion, formed intra-hyphal hyphae, and had enhanced conidiation. SymB-GFP and SymC-mRFP1 localize to plasma membrane, septa and points of hyphal cell fusion. Plants infected with DsymB and DsymC strains were severely stunted. Hyphae of the mutants colonized vascular bundles, were more abundant than wild type in the intercellular spaces and formed intra-hyphal hyphae. Although these phenotypes are identical to those previously observed for cell wall integrity MAP kinase mutants no difference was observed in the basal level of MpkA phosphorylation or its cellular localization in the mutant backgrounds. Both genes contain binding sites for the transcription factor ProA. Collectively these results show that SymB and SymC are key components of a conserved signaling network for E. festucae to maintain a mutualistic symbiotic interaction within L. perenne.
Introduction
The fungal endophyte Epichlo€ e festucae is a mutualistic symbiont of Festuca and Lolium temperate grasses (Schardl, 2001) . In these associations E. festucae systemically colonizes the intercellular regions of all aerial tissues to form a tightly connected symbiotic hyphal network . Within the meristematic tissues of the true stem, hyphae grow by tip growth, from where they ramify into the leaf primordia that give rise to new leaves (Christensen et al., 2008) . Hyphae within the leaf blade and leaf sheath cell division zones initially grow by tip growth but once they enter the cell expansion zone they switch to intercalary growth (Christensen et al., 2008) , a pattern of growth that synchronizes their growth with that of the plant host, thereby avoiding mechanical shear as the leaf expands. When leaf expansion ceases, growth of the hyphae also ceases, but the hyphae remain metabolically active (Tan et al., 2001) .
E. festucae is also an epiphyte, forming a restricted hyphal network on the leaf surface (Christensen et al., 1997; Scott et al., 2012) . Recent work has shown that an appressorium-like structure, called an expressorium, mediates exit of endophytic hyphae from the epidermal cells in the lower part of the leaf expansion zone to the leaf surface . Differentiation of the expressorium and repolarization of growth from the point of contact of this structure with the cuticle requires functional NoxA and NoxB NADPH oxidase complexes as well as MobC , a component of the STRIPAK complex (Bloemendal et al., 2012) .
Epichlo€ e festucae mutants displaying a severe host interaction phenotype have been previously isolated, including members of the NoxA NADPH oxidase complex Tanaka et al., 2006 Tanaka et al., , 2008 ; the transcription factor ProA ; the cell wall integrity MAP kinases, MpkA and MkkA (Becker et al., 2015) , and associated scaffold protein Soft (Pro40) (Charlton et al., 2012) , and their characterization has provided important insights into the signaling pathways that control the symbiotic interaction. Interestingly, all these mutants were also defective in hyphal cell-cell fusion, leading to the hypothesis that hyphal fusion in planta is crucial for E. festucae hyphal network formation and maintenance of the mutualistic symbiotic interaction with L. perenne.
Homologues of a subset of these genes, namely noxA, so, mpkA and mkkA are required in Podospora anserina for the development of the cell degenerative phenomenon known as crippled growth (CG; Silar et al., 1999) . Mutations in these genes cause impaired development of CG (IDC), which occurs as a result of abnormal activation of the cell wall integrity MAP kinase pathway and is characterized by slow colony expansion, strong pigmentation, and lack of aerial hyphae and perithecia development (Silar et al., 1999; Haedens et al., 2005) . Interestingly, in addition to their idc phenotype, DMkk1/IDC 404 , DMpk1, DNox1/IDC 343 , DSo/IDC 821 and DIDC 1 mutants are defective in both cell-cell fusion and sexual fruiting body development (Kicka and Silar, 2004; Malagnac et al., 2004; Haedens et al., 2005; Kicka et al., 2006; Jamet-Vierny et al., 2007; Tong et al., 2014; Lalucque et al., 2016) . In Neurospora crassa and Sordaria macrospora cell-cell fusion and sexual fruiting body development have been extensively studied and several hyphal anastomosis (ham) and protoperithecia (pro) mutants have been identified that are defective in both developmental processes (K€ uck et al., 2009; Fu et al., 2011) . Some of these genes are orthologous to the E. festucae and P. anserina ones, suggesting a conservation of the regulatory pathways driving cell-cell fusion and fruiting body development in these four fungi. In Sordaria PRO1 (N. crassa ADV-1, E. festucae ProA) is a transcription factor which regulates sexual development (Masloff et al., 1999) , PRO30 (N. crassa MIK-1, P. anserina ASK1) is the cell wall integrity MAP kinase kinase kinase (Teichert et al., 2014a) and PRO11 (N. crassa HAM-3), PRO22 (N. crassa HAM-2) and PRO45 (N. crassa HAM-4) are core components of the STRIPAK complex (Bloemendal et al., 2012; K€ uck et al., 2016) , which in N. crassa is proposed to transduce signals from and between the pheromone response and cell wall integrity MAP kinase pathways (Dettmann et al., 2013) . In N. crassa HAM-5 (P. anserina IDC1; E. festucae SymA) functions as the pheromone response pathway scaffold Jonkers et al., 2014) and MAK-2 (pheromone response pathway MAP kinase) oscillates with the cell wall integrity pathway scaffold SO (S. macrospora PRO40, E. festucae So, P. anserina So) during prefusion hyphae homing (Fleissner et al., 2009b) . Additionally, HAM-6 (S. macrospora PRO41, P. anserina and Botrytis cinerea NoxD), HAM-7 (P. anserina IDC2 homologue) and HAM-8 are proposed to be part of a peripheral membrane associated signaling complex in N. crassa which regulates cell-cell fusion (Fu et al., 2014) .
Although these and many other proteins required for cell-cell fusion have been characterized in P. anserina, N. crassa, S. macrospora and E. festucae, a defined receptor-signaling complex, which regulates the perception and initiation of cell-cell fusion has yet to be identified. The objective of this study was to test if E. festucae homologues of two P. anserina self-signaling genes, IDC2 (N. crassa ham-7) and IDC3 (Haedens et al., 2005; Lalucque et al., 2016) , which we have named symB and symC, are required for hyphal network formation and establishment of a mutualistic interaction with the host Lolium perenne. IDC2 and IDC3 encode putative membrane-associated proteins with glycosylphosphatidylinositol (GPI)-anchored and four transmembrane domains respectively. They are therefore candidate proteins for receptor signaling and regulation of cell-cell fusion in E. festucae and other filamentous fungi.
Results
E. festucae symB and symC encode membrane associated proteins A tBLASTn search of the E. festucae Fl1 (E894) genome sequence using P. anserina IDC2 and IDC3 as the query sequences identified gene models EfM3.029010 and EfM3.029020 (Schardl et al., 2013) , which we have named symB and symC respectively, as the E. festucae homologues. To confirm the gene structure, each of these sequences was aligned with the P. anserina homologue as well as the corresponding polypeptide sequences from Fusarium graminearum, Magnaporthe oryzae, N. crassa HAM-7 (Maddi et al., 2012) and S. macrospora (Supporting Information Figs. S1 and S2). The proposed exon-intron structure of each gene was verified by cDNA sequencing. E. festucae SymB, is a 230 amino acid protein that shares 76% identity with P. anserina IDC2 and 75% identity with N. crassa HAM-7 (Maddi et al., 2012) . The presence of an 18 amino acid N-terminal signal peptide (Signal P; Nielsen et al., 1997; Petersen et al., 2011) and a post-translation Cterminal GPI anchor (big-PI Fungal Predictor; Eisenhaber et al., 2004) suggests that SymB is a putative secreted membrane-anchored protein (Supporting Information Fig.  S1 ).
The E. festucae IDC3 homologue, SymC, is 274 amino acids and shares 56% identity with P. anserina IDC3 and 51% identity with N. crassa NCU00938. Analysis of SymC using TMHMM (Sonnhammer et al., 1998; Krogh et al., 2001 ) predicts four trans-membrane domains (TMDs), with extracellular domains between TMDs 1-2 and 3-4, and intracellular domains between TMDs 2-3 and downstream of TMD4, suggesting that SymC is likely to be a membrane bound protein (Supporting Information Fig. S2 ).
symB and symC promoters contain putative binding sites for the transcription factor ProA To gain insight into whether symB and symC were important for the symbiosis we examined RNAseq data sets generated by sequencing mRNA from plants infected with three different symbiotic mutants , including DnoxA (NADPH oxidase; Tanaka et al., 2006) , DproA (C6-Zn transcription factor; Tanaka et al., 2013) and DsakA (stress-activated MAP kinase; Eaton et al., 2008 Eaton et al., , 2010 . Both genes were significantly [based on statistically significant differences (corrected P < 0.05) and a twofold change cutoff] up-regulated in the DsakA data set and down-regulated in the DproA data set (Supporting Information Fig. S3 ). Given that we had previously identified a core ProA binding site consensus sequence of GGCGC , we analyzed the promoter sequences of both symB and symC and their homologs in other Clavicipitaceae for the presence of this motif. In both cases a single motif with a consensus sequence of GGCGCTTA was identified (Supporting Information Figs. S4 and S5). We therefore tested whether promoter sequences containing this motif were ProA binding sites in vitro using electrophoretic mobility shift assays (EMSA). Various symB and symC promoter fragments were incubated with a fusion protein of the N-terminal 120 amino acid residues of ProA containing the zinc cluster domain fused to the A and B. Physical map of the symB and symC promoter regions and gel-shift target regions that were amplified using the primers described in Supporting Information Table S2 . A2 identifies the GGCGCTTA ProA-binding site in the symB and symC promoters. C. EMSA using the corresponding fragment regions as indicated in (A) and (B). PesdC, a promoter previously shown to bind ProA , was included as a positive control. The plus (1) and (2) maltose binding protein (MalE-ProA 1-120; pMal-ProA3) . Mobility shifts were observed for the fragments containing the sequence of GGCGCTTAA (PsymB: F1 and PsymC: F2) (Fig. 1A-C) . No extra bases on the 5 0 side of GGCGCTTAA were required for ProA binding to the symB promoter (PsymB: R2) while (Fig.  1C,D) . Replacement of CTT to AAA on the 3 0 side of GGCGCTTAA in the symB promoter (PsymB: R4 and R5) did not prevent ProA binding (Fig. 1C,D) . This analysis confirmed that a motif no longer than GGCGCTTAA is required for ProA binding (Fig. 1) . Given we have previously shown that ProA is a transcription factor critical for cell-cell fusion and symbiosis , we propose that symB and symC are direct downstream targets of ProA in the molecular pathway required for cell-cell fusion and symbiosis.
Deletion of symB and symC genes
To determine whether SymB and SymC are required for hyphal cell-cell fusion in E. festucae and establishment of a mutualistic symbiotic interaction with L. perenne, symB and symC genes were individually deleted in the Fl1 wild-type background using a gene replacement approach. Linear fragments containing replacement cassettes for symB and symC were purified from restriction enzyme digested pKG1 and pKG2 plasmid DNA, transformed into protoplasts of wild-type, and plated on either hygromycin (pKG1) or geneticin (pKG2) containing solid media (Supporting Information Fig. S6 ). PCR screening of an arbitrary selection of these transformants identified 7 putative DsymB (#3, #6, #8, #9, #11, #14 and #17) and 6 putative DsymC (#2, #7, #8, #20, #25 and #28) mutants. Southern blot analysis of genomic DNA digests obtained from these candidates confirmed that all were "clean" knock-outs. DsymB#3 and #6 and DsymC#7 and #8 strains were subsequently selected for all further experiments (Supporting Information Fig. S6 ).
Culture phenotype of DsymB and DsymC strains
In axenic culture the colony size and morphology of DsymB and DsymC strains were indistinguishable from wild-type ( Fig. 2A) . However, closer analysis revealed that DsymB and DsymC strains formed intra-hyphal hyphae (IHH) and had increased rates of conidiation ( Fig. 2B,C ; Supporting Information Fig. S7A ). Most of the conidia appeared to arise from conidiophores associated with hyphal coils. Microscopic examination of the germination of isolated conidia revealed no noticeable morphological differences between mutants and wildtype (Supporting Information Fig. S7B ). Hyphae of DsymB and DsymC strains were also defective in the ability to form the tip-to-side hyphal fusions observed in wild-type (Fig. 2D) . To validate this cell-cell fusion phenotype, cultures of DsymB and DsymC expressing either eGFP or mRFP1 were co-inoculated in close proximity to one another and hyphae examined for evidence of cytoplasmic mixing. Whereas wild-type co-inoculations showed co-expression of the two reporter genes, DsymB and DsymC hyphae were either red or green indicating they were unable to fuse (Fig. 2D) . The introduction of wild-type symB and symC genes into the mutant backgrounds restored this fusion defect, demonstrating that deletion of symB or symC was responsible for the cell-cell fusion defect (Fig. 2E) .
Given the culture phenotypes of DsymB and DsymC described above were identical to DmkkA and DmpkA (Becker et al., 2015) , we also tested whether these mutants were sensitive to cell-wall stress agents and stress conditions. E. festucae DsymB and DsymC mutants grew as well as the wild-type strain on media containing Congo red or Calcofluor white. In addition, radial growth of the mutants was the same as wild-type on media buffered to pH 5, pH 6.5 or pH 8 (Supporting Information Fig. S8 ).
In planta phenotype of DsymB and DsymC strains
We next examined the role of symB and symC in regulating the symbiotic interaction of E. festucae with L. perenne. DsymB and DsymC cultures were inoculated into seedlings and the phenotype analyzed at 10 weeks post-inoculation. A large number of mutant infected plants died at around three to five weeks post-planting. Those that survived were severely stunted compared with wild-type infected plants (Fig. 3A) . Introduction of wild-type copies of symB and symC genes into the mutant backgrounds rescued the wild-type symbiotic interaction phenotype demonstrating that symB and symC are essential for E. festucae mutualistic associations (Fig. 3B,C) .
To evaluate the cellular phenotype of plants infected with DsymB and DsymC, we harvested pseudostem tissue samples and examined the hyphal phenotype by transmission electron microscopy (TEM) (Fig. 4) and confocal laser scanning microscopy (CLSM) (Fig. 5) . While wild-type associations contained mostly one to two hyphae per intercellular space, DsymB and DsymC mutant associations contained up to 12 hyphae per intercellular space ( Fig. 4A ; Supporting Information Fig.  S9 ). These mutant hyphae were frequently vacuolated ( Fig. 4A ), a subset of hyphae contained IHH (Fig. 4D) , and the outer cell walls appeared to be less electron- dense (Fig. 4C) . Hyphae of DsymB and DsymC were also very abundant in the vascular bundle tissue (Fig.  4B) , which is seldom, if ever, colonized by wild-type hyphae. Hyphae in these tissues were electron dense presumably reflecting the abundant supply of nutrients in these tissues for growth. The prolific growth of the DsymB and DsymC mutants in leaf tissue compared with the more restrictive growth of the wild-type was also evident from CLSM analysis of pseudostem tissue stained with aniline blue and WGA-AF488, which stain b-glucan and chitin respectively (Fig. 5) . In wild-type associations, lateral hyphae were observed to undergo tip-to-tip cell fusion to form a restricted hyphal network throughout the host plant (Fig.  5) . In contrast, hyphae of DsymB and DsymC were much more prolific within the leaf tissue (Fig. 5A) , had an irregular pattern of growth, and frequently formed highly convoluted structures comprised of many cells as evident from the many fluorescent septa (Fig. 5B,C) . These structures were never observed in wild-type tissue. Whereas just the septa of wild-type hyphae stained with WGA-AF488, large patches of AF488 fluorescence were visible in the mutant hyphae (Fig. 5C) , suggesting a change in the structure and/or composition of the cell wall resulting in greater accessibility of the cell wall chitin to the fluorophore-labeled lectin.
Expressorium formation in DsymB and DsymC strains
Expressoria allow E. festucae hyphae to exit the host plant and form an epiphyllous hyphal net on the leaf surface of the host plant. As we have previously shown, deletion of noxA and noxR disrupts expressoria formation and mutant hyphae form sub-cuticular hyphal bundles . Given the very similar plant interaction phenotypes of DsymB and DsymC strains to DnoxA and DnoxR Tanaka et al., 2006) , we examined expressoria development in these mutants. In contrast to wild-type hyphae, which formed expressoria and induced a thinning of the cuticle layer at the point of contact (Fig. 6 ), DsymB and DsymC strains were unable to differentiate expressoria but instead developed highly reticulate hyphal structures immediately beneath the surface of the cuticle (Fig. 6A,B) . Sub-cuticular mutant hyphae were observed to eventually breach the cuticle and spread by unrestricted growth on the leaf surface to form an epiphyllous hyphal net. Examination of this tissue by TEM revealed the presence of swollen hyphae that appeared unable to degrade the cuticle (Fig. 6C ). These results demonstrate that both SymB and SymC are necessary for expressorium differentiation.
MpkA and MpkB phosphorylation and localization in DsymB and DsymC strains
To determine if deletion of either symB or symC impact on signaling through the cell wall integrity or pheromone response MAP kinase pathways we examined the phosphorylation status and localization of MpkA and MpkB in E. festucae. MpkA and MpkB phosphorylation levels were assessed by Western analysis (Fig. 7) , using protein extracts from E. festucae cultures grown in PD media alone (basal levels) and in PD media subjected to oxidative stress (plus H 2 O 2 ) (Maddi et al., 2012; Dettmann et al., 2014) . While oxidative stress increased the level of phosphorylation of both MpkA and MpkB, no differences in signal intensity were observed between wild-type and the DsymB and DsymC strains (Fig. 7A,B) . As previously reported (Becker et al., 2015) , phosphorylation of MpkA is completely abolished in the cell wall integrity MAP kinase mutants DmkkA and DmpkA (Fig. 7A,B) .
To determine whether MpkA or MpkB localization was affected by deletion of symB or symC, we transformed MpkA-eGFP and MpkB-eGFP constructs into wild-type, DsymB and DsymC strains and analyzed their subcellular localization throughout the growing colony (Supporting Information Fig. S10 ). In the wild-type background, MpkA-eGFP and MpkB-eGFP were predominantly cytoplasmic at hyphal tips, both nuclear and cytoplasmic within the mid-section of the colony, and predominantly localized to nuclei in the colony center (Supporting Information Fig. S10 ). However no noticeable differences in MpkA-eGFP or MpkB-eGFP localization were observed between wild-type, and DsymB and DsymC mutants (Supporting Information Figs. S11-S16).
SymB and SymC cellular localization
Given SymB is predicted to have a signal sequence and a C-terminal region for post-translational addition of a GPIanchor, and SymC is predicted to have four transmembrane domains, reporter constructs of the corresponding genes were generated to examine the cellular localization of each protein in hyphae of E. festucae grown in axenic culture. As both the N-and C-termini of SymB are Western blot analysis of MpkA phosphorylation under non-stressed (2) and H 2 O 2 (32 mM) stressed (1) conditions. Phosphorylated MpkA (47 kDa) and MpkB (41 kDa) were detected using antiphospho p42/p44 MAPK antibodies. Tubulin (54 kDa) was used as a loading control and detected using an anti-a-tubulin antibody. A. Wild type, DmpkA and DmkkA mutants. B. WT, DsymB#3, DsymC#7 and DmpkA strains. predicted to be post-translationally processed, eGFP was placed 10 amino acids upstream of the x site for GPI addition (Supporting Information Fig. S1 ); a strategy successfully used in S. macrospora (Frey et al., 2015) . In the case of the SymC localization construct mRFP1 was fused to the C-terminus of SymC. Constructs of symB-eGFP and symC-mRFP1, under the control of their native promoters (Supporting Information Figs. S17 and S18), were transformed into DsymB and DsymC protoplasts, and transformants tested for cell-cell fusion. In both cases the fusion phenotype was restored indicating that the products of the symB/C-reporter gene fusions complemented the mutant phenotypes. Given fluorescence under the native promoter was very weak, overexpression constructs were subsequently analyzed (Figs. 8 and 9 ). SymB-eGFP was found to localize to plasma membrane (Fig. 8) , septa (Fig.  8B,C) , tips of hyphal branches (Fig. 8B,C) , apical tips (Fig.  8A ) and at points of hyphal fusion associated with septa (Fig. 8D) . These results together with the observation that SymB-eGFP colocalizes with CFW (Supporting Information Fig. S18A ) indicate that SymB is a membraneassociated protein. Although SymC-mRFP1, under the native PsymC promoter, appeared to be predominantly localized to vacuoles (Supporting Information Fig. S17 ), fluorescence was also observed at the cell periphery, septa, hyphal branch points, points of hyphal cell-cell fusion associated with septa, and in small, highly dynamic vesicles (Supporting Information Fig. S17 ; Movie S1). The accumulation of SymC-mRFP1 in vacuoles may be due to a highly efficient actin-dependent endocytosis pathway resulting in recycling of this protein from the cell periphery to vacuoles for degradation as previously reported for the membrane associated mucin Msb2 in Ustilago maydis (Lanver et al., 2010) . To test this hypothesis we grew cells containing SymC-mRFP1, under the control of a PtefA promoter, in the presence of the Factin assembly inhibitor latrunculin A (Fig. 9 ) and imaged by inverted light microscopy. Treatment with latrunculin A enhanced the localization of SymC-mRFP1 to the plasma membrane ( Fig. 9A,B; Supporting Information Fig. S18B ), small vesicles (Fig. 9A) and septa (Fig. 9B,C) , demonstrating that the pattern of cellular localization is very similar to that of SymB. However, there was still considerable accumulation of mRFP1 in the vacuoles possibly due to overexpression and/or proteolytic release of mRFP1 from the fusion protein. When SymB-eGFP and SymC-mRFP1 were co-expressed under their native promoters in a wild-type background they co-localized at the cell periphery, septa and in vacuole-like structures (Fig. 10) , suggesting they may function in the same cellular processes.
Discussion
Cell-cell fusion in fungi is very important for hyphal network formation and multi-cellular development enabling nutrient transfer and signaling (Read et al., 2009; Simonin et al., 2010; Leeder et al., 2013) . We show here that symB and symC, homologs of P. anserina IDC2 and IDC3 (Haedens et al., 2005; Lalucque et al., 2016) , are part of a conserved fungal signaling network that is required for cell-cell fusion in E. festucae and establishment of a mutualistic symbiotic interaction with L. perenne. We have established that these two genes are downstream of the transcription factor ProA within this network. Furthermore we have shown that SymB and SymC localize to the cell periphery and have a novel role in expressoria development.
A fungal transcriptome analysis of E. festucae symbiosis mutants showed that symB and symC expression is significantly down-regulated in DproA compared with wild-type . An alignment of the promoter regions of symB and symC from E. festucae and closely related Clavicipitaceae species revealed the presence of a conserved motif (GGCGCTTA) for ProA binding, the core of which was previously identified in the promoters of two E. festucae genes, esdC and EF320 . This same consensus sequence was recently identified as the binding site for PRO1 in a ChIP-seq analysis of the S. macrospora genome (Steffens et al., 2016) . Gel-shift assays confirmed ProA binds to this motif in the promoters of symB and symC, providing strong evidence that these two genes are regulated by this transcription factor. As was observed for DproA, deletion of symB and symC abolishes cell-cell fusion in culture and disrupts the mutualistic interaction of E. festucae with L. perenne . Based on these common phenotypes it is likely that ProA regulates symB and symC expression both in culture and in planta. ProA is the homolog of PRO1 in S. macrospora (Masloff et al., 1999 (Masloff et al., , 2002 and ADV-1 in N. crassa (Colot et al., 2006; Fu et al., 2011) , C6-zinc finger transcription factors that are essential for fruiting body development and cell-cell fusion. Pro1 is also required for female fertility and virulence in Cryphonectria parasitica (Sun et al., 2009 ) and virulence in Alternaria brassicicola (Cho et al., 2009 ). The similarities in the pro1 mutant phenotypes in these fungi suggests this transcription factor is part of a conserved signaling network which regulates cell-cell fusion, sexual development, virulence and mutualism in filamentous fungi. Although transcriptome analyses in E. festucae and S. macrospora (Nowrousian et al., 2007; Steffens et al., 2016) Tong et al., 2014) , suggesting these protein are part of a core signaling network which regulates cellcell fusion. Some of these genes are also required for fruiting body development, suggesting that cell-cell fusion is important for the development of sexual structures in filamentous fungi (Haedens et al., 2005; Bernhards and P€ oggeler, 2011; Fu et al., 2011; Lichius et al., 2012; Read et al., 2012; Teichert et al., 2014b; Tong et al., 2014; Lalucque et al., 2016) . Unlike S. macrospora, N. crassa and P. anserina, which readily form fruiting bodies in culture (Mai, 1976; Lichius et al., 2012; Lichius and Lord, 2014) , the sexual cycle of E. festucae has only been reported to occur on the host plant (Bultman and Leuchtmann, 2009 ) However, E. festucae does undergo asexual development in culture with formation of conidiophores frequently associated with coil-like structures (Becker et al., 2015) . Deletion of symB and symC results in a hyperconidiation phenotype in culture, similar to that previously reported for proA, noxA, mkkA, mpkA and mobC deletion mutants Tanaka et al., 2013; Becker et al., 2015; Green et al., 2016) .
In culture, DsymB and DsymC mutants form IHH, which have been observed for DmkkA and DmpkA mutants (Becker et al., 2015) and the STRIPAK complex mutant DmobC , but never within wild-type hyphae. Intra-hyphal hyphae formation involves the accumulation of newly synthesized cell wall components at the primary cell wall, which causes a secondary cell wall to form, which pushes through septal pores into adjacent hyphae. Intra-hyphal hyphae are known to form in other fungi in response to hyphal wounding, disrupted hyphal integrity, nutrient and water deprivation, altered cell wall composition and septation defects (Buller, 1933; Calonge, 1968; Bowman et al., 2006; Takeshita et al., 2006; Kim and Hyun, 2007) . These structures allow hyphae to survive stressful conditions while encased within a protective layer, as they contain a separate cell wall, cytoplasm, and organelles, and are capable of undergoing branching, anastomosis and even differentiation of conidiophores.
L. perenne associations with DsymB and DsymC strains show prolific hyphal growth, a breakdown of the hyphal network, vascular bundle colonization and a loss of mutualism. These are similar phenotypes to those previously observed for DproA, DnoxA, DnoxR, DbemA, Dso, DmkkA, DmpkA, and DmobC mutants Tanaka et al., 2006 Tanaka et al., , 2008 Takemoto et al., 2011; Charlton et al., 2012; Kayano et al., 2013; Tanaka et al., 2013; Becker et al., 2015; Green et al., 2016) and the DsidN (Johnson et al., 2013 ) mutant, which is impaired in iron uptake. In DproA and DnoxA associations, primary metabolism, peptide and sugar transport, and host cell wall degradation genes are significantly up-regulated and secondary metabolism genes are down-regulated , changes consistent with a switch from restrictive to proliferative growth, possibly triggered by a starvation response. Transmission electron microscopy analysis showed DsymB and DsymC hyphae are more electron-dense within the nutrient rich vascular bundles than within the nutrient-poor intercellular spaces of the mesophyll tissue. We hypothesize that disruption of the hyphal network in DsymB and DsymC hyphae in planta triggers hyphal proliferation and colonization of the vascular bundles, which may involve an active chemotropism response. This difference in hyphal morphology between the two tissue types is similar to that previously reported for DsidN and DmobC mutants (Johnson et al., 2013; Green et al., 2016) . Changes were also observed in the composition of the hyphal cell wall of DsymB and DsymC mutants as revealed by an increase in fluorescence of WGA-AF488 along the cell walls. An increase in accessibility or presence of chitin in the cell wall was also found in hyphae of DnoxA, DproA, DmkkA, DmpkA and DmobC mutants in planta (Becker et al., 2015; Eaton et al., 2015; Green et al., 2016) . Altered chitin staining in DsymB and DsymC hyphae may be indicative of hyphal stress or changes in cell wall integrity in planta. Although E. festucae is considered to be an endophyte, it is also an epiphyte where endophytic hyphae emerge from within the leaf expansion zone to form a restricted epiphyllous network on the surface of the host grass leaves but remains connected to the endophytic hyphal network (Christensen et al., 1997; Moy et al., 2000; Christensen and Voissey, 2007) . It has been hypothesized that epiphyllous hyphae provide an added bioprotection benefit through 'niche exclusion' of plant pathogens but this remains to be tested (Moy et al., 2000) . Hyphal exit through the cuticle is mediated by formation of an internal appressorium-like structure called an "expressorium" that requires functional NoxA and NoxB complexes for full differentiation . E. festucae mutants defective in noxA, noxR or noxB still form swollen structures at the cuticle interface but unlike wild-type the hyphae become highly branched and proliferate beneath the cuticle, eventually emerging on the leaf surface after breaching the cuticle barrier. Interestingly, the DsymB and DsymC strains are defective in expressorium development, and also form a highly branched sub-cuticular network like the Nox complex mutants , and the STRIPAK complex mutant DmobC . While the NoxA complex in M. grisea (Egan et al., 2007) , B. cinerea (Segm€ uller et al., 2008) and P. anserina (Brun et al., 2009) , and the STRIPAK complex component Str1 (striatin orthologue) in Colletotrichum graminicola (Wang et al., 2016) , have been shown to be required for either host or cellulose penetration, this is the first report of a role for SymB and SymC in expressorium differentiation and host colonization. Interestingly, IDC2 and IDC3 do not appear to be essential for formation of the "needle-like" structures required for cellophane penetration by P. anserina (Lalucque et al., 2016) .
SymB and SymC colocalize at the cell periphery, septa and hyphal fusion points and additionally SymC localizes to small vesicle-like structures and hyphal vacuoles. The accumulation of SymC-mRFP1 in vacuoles, as reported for the membrane-associated mucin Msb2 in Ustilago maydis (Lanver et al., 2010 ), may reflect a high level of SymC endocytosis. This colocalization suggests SymB and SymC may physically interact but that remains to be tested, especially given P. anserina IDC2 and IDC3 appear to have distinct localizations, IDC2 being at the plasma membrane and IDC3 exclusively in small vesicles that belong to the vacuolar network (Lalucque et al., 2016) . Similar localization patterns have been observed for N. crassa LFD-1 and PRM-1, which facilitate membrane merging during cellcell fusion (Fleissner et al., 2009a; Palma-Guerrero et al., 2014) , and HAM-7 and HAM-8, which are required for cell-cell fusion (Fu et al., 2011) . LFD-1 and PRM-1 are associated with small vesicles that accumulate at the site of membrane fusion (Fu et al., 2014) . In P. anserina NoxR accumulates at sites of cellcell fusion, as observed for E. festucae SymB, and also localizes to small vesicles in a similar manner to SymC (Lacaze et al., 2015) . P. anserina and B. cinerea NoxD and Nox1 transition from the ER into the vesicle network where they co-localize with NoxR in older hyphae (Lacaze et al., 2015; Siegmund et al., 2015) . E. festucae NoxR and B. cinerea Bem1 are also associated with septa (Takemoto et al., 2011; Giesbert et al., 2014) , similar to SymB and SymC. Although there is no evidence to date of a direct interaction between SymB and SymC and components of the Nox complex, we have found in a parallel study in P. anserina that the four conserved "extracellular" Cys residues in IDC2 and the two conserved Cys residues in IDC3 are required for functional activity (Lalucque et al., 2016) . Oxidation of these Cys residues by the Nox complex may lead to a conformational change of SymB and SymC and initiation of signal transduction.
The almost identical culture and plant phenotypes of the DsymB and DsymC strains and the cell wall integrity MAP kinase mutants, DmkkA and DmpkA, suggest that signaling from these membrane associated proteins may be mediated through the cell wall integrity MAPK pathway (Becker et al., 2015) . However, neither the phosphorylation state nor the localization of MpkA (cell wall integrity MAP kinase) or MpkB (pheromone response MAP kinase) was different in the DsymB and DsymC mutant backgrounds compared with wild-type. In contrast basal and oxidative stress induced phosphorylation of MAK-1 (homologue of MpkA) in N. crassa was reduced in the Dham-7 (symB) mutant background compared with wild-type, suggesting HAM-7, which is proposed to interact with HAM-6 and HAM-8, signals through the cell wall integrity MAP kinase pathway (Maddi et al., 2012; Fu et al., 2014) . This difference in response between the two fungi may reflect the nonspecific nature of using oxidative stress to activate these MAP kinase pathways. Identification of the specific signal required for activation of SymB (HAM-7) and SymC, and the downstream effectors of these proteins, will help resolve whether signaling from these proteins is indeed via the cell wall integrity MAP kinase pathway.
In conclusion, we have shown that the membraneassociated proteins SymB and SymC act downstream of the transcription factor ProA within a conserved signaling network required for cell-cell fusion and multicellular development in filamentous fungi. Additionally, we have shown that SymB and SymC are required for expressoria development and maintenance of a mutualistic symbiotic interaction between E. festucae and L. perenne. Whether SymB and SymC are activated by the Nox complex and transmit a signal through the cell wall integrity or pheromone response MAPK pathway, or through an alternative signaling pathway, are important biological questions that remain to be answered.
Experimental procedures

Strains and growth conditions
Cultures of S. cerevisiae were grown in YPD media or on 2% YPD agar plates with or without uracil as previously described (Colot et al., 2006) . Cultures of Escherichia coli were grown overnight in LB (Luria-Bertani) broth or on 1.5% LB agar containing 100 lg ml 21 ampicillin as previously described (Miller, 1972) . Cultures of E. festucae were grown on 2.4% (w/v) potato dextrose (PD), 1.5% water agar plates or in PD broth as previously described (Moon et al., 1999 (Moon et al., , 2000 . When performing stress tests Congo Red (25 lg ml 21 ) and Calcofluor White (Fluorescent Brightener 28; Sigma 25 lg ml
21
) were added to HEPES (50 mM, pH 6.5) buffered PDA. For pH tests Blankenship media was used as previously described (Blankenship et al., 2001) .
Plant growth and endophyte inoculation conditions
Endophyte-free seedlings of perennial ryegrass (Lolium perenne cv. Samson) were inoculated with E. festucae as previously described (Latch and Christensen, 1985) . Plants were grown in root trainers in an environmentally controlled growth room at 228C with a photoperiod of 16 h of light (100 lE/m 2 /sec) and at 8 weeks post-inoculation tested for the presence of the endophyte by immunoblotting (Tanaka et al., 2005) .
DNA isolation, PCR and sequencing
Plasmid DNA from S. cerevisiae cultures was extracted as previously described (Colot et al., 2006) . Plasmid DNA from E. coli cultures was extracted using the High Pure Plasmid Isolation Kit (Roche) according to the manufacturer's instructions. Fungal genomic DNA used for Southern digests was extracted from freeze-dried mycelium as previously described (Byrd et al., 1990) . Standard PCR amplification was performed with Taq DNA polymerase (Roche) as per the manufacturer's instructions in a 50 ll volume. Where proofreading activity was required Phusion V R HighFidelity DNA Polymerase (Thermo Scientific) was used as per the manufacturer's instructions in a 50 ll volume. Clones were verified by Sanger sequencing.
Preparation of deletion, complementation and localization constructs
Lists of all plasmids and the primer sequences used to prepare constructs can be found in Supporting Information Tables S1 and S2.
The symB and symC replacement constructs were prepared by yeast recombinational cloning (Gietz and Woods, 2002) . The symB replacement construct pKG1 was made by recombining XhoI and EcoRI restriction enzyme linearized pRS426 vector with 1.1-kb 5 0 and 3 0 (primer pairs KG1/2 and KG3/4) symB flanks, amplified from E. festucae genomic Fl1 DNA, and a 1.4-kb hygromycin resistance cassette (primers hphF and hphR), amplified from pSF15.15 plasmid DNA. The symC replacement construct pKG2 was made by recombining XhoI and EcoRI restriction enzyme linearized pRS426 vector with 2.1-kb 5 0 and 1-kb 3 0 (primer pairs KG5/6 and KG7/8) symC flanks, amplified from E. festucae genomic Fl1 DNA, with a 1.7-kb geneticin resistance cassette (primers genF and genR), amplified from pII99 plasmid DNA. The in vitro recombined DNA mixtures were transformed into electrocompetent E. coli DH5a cells and ampicillin resistant transformants screened using Clonechecker for plasmids with restriction enzyme digest patterns predicted from in silico construction of pKG1 and pKG2. The order of the fragments within these clones was verified by DNA sequencing. The symB and symC replacement fragments contained within pKG1 and pKG2 were then excised by HindIII/EcoRI and KpnI/EcoRV digestion, gel purified and transformed into E. festucae protoplasts as described below using Hyg R and Gen R selection. The symB complementation construct pKG5 was prepared by TOPO TM cloning as per the manufacturer's instructions (Invitrogen) using a PCR amplified 3.9-kb fragment containing the symB gene (primers KG49_3 and KG50_2) amplified from cosmid #33H4 DNA. The pKG5 symB insert was digested with EcoRI (Roche) then excised and ligated into EcoRI linearized pII99 vector, excised from pYR33, to create pKG7. The symC complementation construct pKG6 was prepared by TOPO TM cloning as per the manufacturer's instructions (Invitrogen), using 4.1-kb fragment containing the symC gene (primers KG51_2 and KG 52) amplified from cosmid #51D9 DNA. The in vitro recombined DNA mixtures were transformed into chemically competent E. coli DH5a cells and screened for correct inserts as per above. pKG7 (containing a geneticin resistance cassette) and pKG6 (co-transformed with pSF15.15) plasmids were transformed into E. festucae DsymB and DsymC protoplasts as described below and transformants selected using either geneticin or hygromycin as the selectable markers.
The symB-eGFP native promoter expression construct pKG13 was prepared by Gibson Assembly (Gibson et al., 2009 ) using 4.7-kb and 3.1-kb fragments (primers KG71_3/ 81_3 and KG49_4/80_2), amplified from pKG5 plasmid DNA, and a 768-bp 3xGlycine-Alanine-eGFP fragment, amplified from pPN94 plasmid DNA (primers gfpF2 and gfpR5). The 3xGA-eGFP fragment was inserted immediately after amino acid 194, upstream of the predicted symB GPI anchor x site, to avoid post-translational cleavage of eGFP. The symC-mRFP1 native promoter expression construct pKG12 was prepared by Gibson Assembly (Gibson et al., 2009 ) using PCR amplified 4.4-kb and 3.7-kb fragments (primers KG76/74 and KG51_2/79), amplified from pKG6 plasmid DNA, and a 693-bp 3xGA-mRFP1 fragment (primers mrfpF2 and R2), amplified from pCA56 plasmid DNA. The 3xGA-mRFP1 fragment was inserted before the symC stop codon. The symB-eGFP overexpression construct contained in pKG20 was prepared via Gibson Assembly (Gibson et al., 2009) by recombining a 1.7-kb symB-GA-GFP-symB fragment (primers KG92 and 93), amplified from pKG13 plasmid DNA, with a 5.2-kb fragment (primers ptefF and ptefR), amplified from pPN94 plasmid DNA. The symC-mRFP1 overexpression construct contained in pKG21 was prepared via Gibson Assembly (Gibson et al., 2009 ) by recombining a 1.8-kb symC-3GA-mRFP1 fragment (primers KG94 and 95), amplified from pKG12 plasmid DNA, with a 5.2-kb fragment (primers ptefF and R), amplified from pPN94 plasmid DNA. The in vitro recombined DNA mixtures were transformed into chemically competent E. coli DH5a cells and screened for the correct inserts as described above. Plasmids pKG13/20 and pKG12/21 were co-transformed with pII99 and pSF15.15 into E. festucae DsymB and DsymC protoplasts as described below using Gen R and Hyg R selection. Plasmid pCE81 (MpkA-eGFP) was co-transformed with pII99 and pSF15.15 into E. festucae DsymB and DsymC protoplasts as described below using Gen R and Hyg R selection. Plasmid pMpkB-eGFP was prepared by cloning the E. festucae mpkB cDNA, amplified from an Fl1 cDNA library using primers IF140-EfMpkB-F and IF140-EfMpkB-F, into BamHI cut pNPP140 (pPN94 containing 3GA-GFP) (Niones and Takemoto, 2015) .
Fungal transformations E. festucae protoplasts were prepared as previously described by (Young et al., 2005) . Protoplasts were transformed with 2-3 lg of linear restriction enzyme excised or circular plasmid DNA as previously described (Itoh et al., 1994) . Transformants were selected on RG media containing either hygromycin (150 lg ml
21
) or geneticin (200 lg ml
) and nuclear purified by three rounds of sub-culturing on selection medium.
DNA hybridization E. festucae genomic digests, separated by agarose gel electrophoresis, were transferred to positively charged nylon membranes (Roche) (Southern, 1975) and fixed by UV light cross-linking in a Cex-800 UV light cross-linker (Ultra-Lum) at 254 nm for 2 min. Filters were probed with [a-32 P]-dCTP (3000 Ci mmol
, Amersham BioSciences) labeled probes. DNA probes were labeled by primed synthesis with Klenow fragment using a High-Prime kit (Roche). Hybridizations were performed according to the manufacturer's instructions.
Western blot analysis E. festucae cultures were grown for 4 days in 50 ml of PD and 1.5 g aliquots weighed into duplicate 50 ml of fresh PD media and incubated with shaking (200 rpm) overnight. Samples were then supplemented with H 2 O 2 to a final concentration of 32 mM for 2 h, washed, flash frozen in liquid nitrogen and freeze dried overnight. Protein was then extracted from ground mycelia samples in 1 ml of Lysis Buffer [50 mM Tris-HCl pH 8, 100 mM NaCl, 10 mM EDTA, 1 ml ml 21 IGEPAL CA-630 (Sigma-Aldrich, Germany), 0.5 mM PMSF, 2 mM DTT, and 10 ml ml 21 Phosphatase Inhibitor (Sigma-P5726)] and centrifuged at 14,000 rpm for 15 min at 48C. Protein samples (50 lg) were separated by SDS-PAGE [10% (w/v) (Bio-Rad)] and transferred to PVDF membranes (Roche). The phosphorylation of MpkA and MpkB was detected using an anti-phospho-p44/42 MAPK (Erk1/2) antibody (Number 9102; Cell Signaling Technology). To check sample loading the membrane was reprobed with 12G10 anti-a-tubulin (Developmental Studies Hybridoma Bank, University of Iowa). Primary antibodies were detected using HPR-conjugated secondary antibodies and ECL Prime Western Blotting Detection Reagent (GE Healthcare Amersham).
Microscopy
Cultures to be analyzed by microscopy were inoculated at the edge of a thin layer of water agar (1.5%), layered on top of a glass microscope slide embedded in a layer of water agar (1.5%) and grown for 5 days. Square blocks were then extracted and placed onto new slides, covered with a cover slip, and analyzed using an Olympus IX71 inverted fluorescence microscope using filters set for capturing DIC, CFW/DAPI, GFP or mRFP1. For quantifying hyphal fusions, 10 fields were examined at 4003 magnification from three independent colonies. For quantifying conidiation, three PD agar plates, each containing 5 colonies were grown at 228C for 7 days. Conidia were harvested by scrubbing colonies with 2 ml of sterile water, followed by filtration through glass wool packed tips. Suspensions of 200, 300 and 500 ll were then spread onto PD agar plates for imaging and quantification. For analyzing SymC::mRFP1 localization Latrunculin A (Sigma-Aldrich) was applied at a final concentration of 10 mM. When staining nuclei DAPI was applied at a final concentration of 10 mM.
Growth and morphology of hyphae in planta was determined by staining leaves with aniline blue diammonium salt (Sigma) and Wheat Germ Agglutinin conjugatedAlexaFluorV R 488 (WGA-AF488; Molecular Probes/Invitrogen) as follows. Infected pseudostem tissue was sequentially incubated at 48C in 95% (v/v) ethanol overnight at 48C, then treated with 10% potassium hydroxide for 3 h. The tissue was washed three times in PBS (pH 7.4) and incubated in staining solution (0.02% aniline blue, 10 ng ml 21 WGA-AF488, and 0.02% TweenV R -20 (Invitrogen) in PBS [pH 7.4]) for 5 min, followed by a 30-min vacuum infiltration step. Images were captured by CLSM using a Leica SP5 DM6000B confocal microscope (488 nm argon and 561 nm DPSS laser, 403 or 603 oil immersion objective, NA 5 1.3) (Leica Microsystems). For TEM, pseudostem sections were fixed in 3% glutaraldehyde and 2% formaldehyde in 0.1 M phosphate buffer, pH 7.2 for 1 h as previously described (Spiers and Hopcroft, 1993) . A Philips CM10 TEM was used to examine the fixed samples and the images were acquired using a SIS Morada digital camera.
Electrophoretic mobility shift assay (EMSA)
EMSA was carried out to detect the ProA protein binding to the symB and symC promoters using a fusion protein of the N-terminal 120 residues of ProA containing the zinc cluster domain and maltose binding protein (MalE-ProA 1-120; pMal-ProA3) purified by affinity chromatography using an amylose column . A series of DNA fragments were amplified by PCR using the primers listed in Supporting Information Table S2 . The purified protein (0.5 lg) was incubated with 20 ng of DNA fragment at room temperature for 20 min in the binding buffer provided by the EMSA kit (Thermo Fisher Scientific). The protein-DNA complexes were resolved on 6% nondenaturing polyacrylamide gels (Thermo Fisher Scientific) and stained with SYBR green dye.
Bioinformatic analysis E. festucae genes were identified by tBLASTn analysis of the E. festucae Fl1 (E894) genome (http://csbio-l.csr.uky. edu/ef894-2011) with protein sequences obtained from either NCBI GenBank database (http://www.ncbi.nlm.nih. gov/) or the Broad Institute (http://www.broad.mit.edu). Identity and similarity scores were calculated after ClustalW pairwise alignments of sequences (Thompson et al., 1994) , using MacVector version 12.0.5. The E. festucae genome sequence data (Schardl et al., 2013) , as curated by C.L. Schardl at the University of Kentucky is available at http:// csbio-l.csr.uky.edu/ef894-2011/.
SignalP (v. 4.1) (Nielsen et al., 1997; Petersen et al., 2011) was used for signal peptide detection and TMHMM (v. 2.0c) (Sonnhammer et al., 1998; Krogh et al., 2001 ) was used for detection of transmembrane domains. Domain analysis was also performed using InterProScan (v. 5) (Zdobnov and Apweiler, 2001; Quevillon et al., 2005) , InterProScan lookup service (v. 43.1), phobius (v. 1.01) (K€ all et al., 2004) , SignalP (v. 4.1) and TMHMM (v. 2.0c) plus all software given by default with InterProScan (BlastProDom, FprintScan, HMMPIR, HMMPfam, HMMSmart, HMMTigr, ProfileScan, HAMAP, PatternScan, SuperFamily, Gene3D). The "big-PI Fungal Predictor" (Eisenhaber et al., 2004) was used to check for GPI-lipid anchor modification sites.
The symB and symC gene sequences of E. festucae strain Fl1 (E894) are available in the GenBank database (http://www.ncbi.nlm.nih.gov/genbank/index.html) under accession numbers KX827271 and KX827272.
